Abstract. Semaphorin family members have been identified as axonal guidance molecules that mediate the directional determination for axonal elongation during neuronal development. Several semaphorins have been shown to play crucial roles for various immune response phases. In a previous study using knockout mice, we suggested that Plexin-A1, a Semaphorin 3A (Sema3A) receptor, is involved in the increased production of inflammatory factors such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) in the murine microglial response to lipopolysaccharide (LPS). In that study, Sema3A-Plexin-A1 signaling was also shown to have crosstalk with Toll-like receptor 4 (TLR4) signaling to increase nitric oxide production, although the specific intracellular signaling molecule involved in the NO increase was not identified. By investigating the role of Plexin-A1 in the response of the BV-2 microglial cell line to LPS, in the present study novel findings regarding the influence of Plexin-A1 activation on TLR4 signaling in microglial cells were investigated. First, the production of inflammatory markers such as inducible nitric oxide synthase (iNOS), IL-1β and TNF-α in the response to TLR4 stimulation was significantly decreased in BV-2 cells with the knockdown of Plexin-A1. Accordingly, Plexin-A1 was required for the enhanced production of inflammatory factors induced by LPS in BV-2 microglial cells. Second, Plexin-A1 signaling in BV-2 cells showed crosstalk with the LPS-induced TLR4 pathway through activation of nuclear factor-κB (NF-κB) and extracellular signal-regulated kinase (ERK). Third, LPS-induced NO production in BV-2 cells was intensified by Sema3A-Plexin-A1 signaling in an ERK1/2 activation-dependent manner. This finding suggested the crucial role of Plexin-A1 signaling through ERK activation in TLR4 activation-induced NO production in BV-2 microglial cells. These results therefore suggest that Plexin-A1 and Sema3A are possible new targets for treating LPS-induced encephalopathy and neuroinflammation-related mental disorders.
Introduction
Microglia are the resident innate immune cells of the central nervous system (CNS) that regulate neuroinflammation (1) . Activated microglia execute host defense and repair injured tissue in the CNS, but they also contribute to the expansion of inflammation in the CNS by means of antigen presentation and release of inflammation-related mediators such as cytokines, chemokines, and nitric oxide (2) (3) (4) . For example, Toll-like receptor 4 (TLR4), which is expressed in microglia through its ligation with lipopolysaccharide (LPS), has been reported to be involved in microglial activation and cause neuronal injury due to the production and release of inflammation-related mediators (5) . However, much remains elusive with regard to how the immunoregulatory molecules controlling microglial function are involved in neuroinflammation.
The roles that semaphorins and their receptors, plexins, play in the CNS have been previously investigated. Semaphorins and plexins comprise two large families of molecules that transmit signals crucial for the control of neuronal axon guidance, cell migration, cell morphology, and cell-to-cell interactions (6) . The various functions of semaphorins and plexins have also been exemplified in the development of blood vessels and heart (7, 8) and in tumorigenesis (9) . Previous investigations have demonstrated a role for these molecules in the immune system (10) . For example, Plexin-C1 expressed in dendritic cells moderately affect T-cell activation (11) . Plexin-D1, which is highly expressed in double-positive thymocytes, regulates the intrathymic migration of immature thymocytes from the thymic cortex to medulla (12) , and Plexin-A4 is a negative regulator in T-cell activation (13) . Other studies have revealed the diverse functions of plexins in the immune system. Plexin-A1 expressed in dendritic cells regulates the interaction between dendritic cells and T cells to control adaptive immunity (14, 15) . Plexin-B1 expressed in microglia and Plexin-A4 in macrophages exhibit a crucial role in promoting the activation of these innate immune cells through the enhancement of intracellular signals initiated by inflammatory stimuli. For example, macrophages in Plexin-A4-deficient mice show the significant attenuation of LPS-induced cytokine production (16) . Administration of a ligand of Plexin-A4, Semaphorin 3A (Sema3A), to cultured peritoneal macrophages enhances LPS-induced cytokine production in a Plexin-A4-dependent manner (16) . Sema4D enhances the CD40-mediated activation of microglia through Plexin-B1 (17) .
In a previous study, we showed that Plexin-A1-deficient microglial cells are significantly resistant to LPS-induced inflammation and that Plexin-A1-mediated signaling increased microglial NO production through crosstalk with the LPS-stimulated TLR4 pathway (18) . However, the role that Plexin-A1-mediated signaling plays in the expression of other LPS-induced inflammatory mediators in microglia has not been clarified. Similarly, the intracellular signal transduction pathway of Sema3A-Plexin-A1 signaling, which is involved in the increase of LPS-induced microglial NO production remains to be clarified.
Against this background, using a BV-2 microglial cell line, the aim of this study was to examine the intracellular signal transduction pathway of Sema3A-Plexin-A1-mediated signaling, which is involved in LPS-stimulated microglial activation. Additionally, we aimed to demonstrate the necessity of Plexin-A1 for the optimal production of inflammatory mediators following stimulation of the TLR4 pathway in BV-2 cells. In this study, the targeted silencing of Plexin-A1 in BV2 cells resulted in the significantly decreased activation of nuclear factor-κB (NF-κB) and of extracellular signal regulated kinase 1/2 (ERK1/2) in the LPS response. Sema3A serves as a ligand for Plexin-A1 in BV-2 cells and enhances LPS-induced NO production in the cell line through ERK activation in a Plexin-A1-dependent manner. Taking these findings together, we propose the functional role of Plexin-A1 as a regulator of the TLR4 pathway in microglia.
Materials and methods
Cell cultures and transfection. BV-2 murine microglial cells immortalized by infection with v-raf/c-myc recombinant retrovirus (19) were kindly provided by Dr N. Kaneda (Faculty of Pharmacy, Meijo University) with permission to use the cell line from Dr E. Blasi (Department of Diagnostics, Clinical and Public Health Medicine, University of Modena and Reggio Emilia, Modena, Italy). In brief, BV2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Equitech Bio, Inc., Kerrville, TX, USA), penicillin (20 U/ml), and streptomycin (20 µg/ml, Sigma-Aldrich, St. Louis, MO, USA). For transfection with small interfering RNA (siRNA), BV-2 cells were seeded in 6-well plates for western blotting, 24-well plates for reverse transcription-polymerase chain reaction (RT-PCR) and quantitative RT-PCR, and 96-well plates for the Griess reaction and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay at cell densities of 1x10 5 , 2x10 4 , and 0.3x10 4 , respectively. Plated cells were grown in DMEM with 10% FBS overnight, and were then transfected with siRNA-Plexin-A1 (MS0178728; Takara Bio Inc., Shiga, Japan) and siRNA-control (SNC01; Takara Bio Inc.) using the Lipofectamine RNAiMAX transfection reagent (Life Technologies, Carlsbad, CA, USA) 48 h prior to treatment with reagents such as LPS and Sema3A, according to the manufacturer's protocol.
Mice. Plexin-A1-deficient mice were produced by the gene-targeting method with E14.1 embryonic stem (ES) cells (15) . The gene-targeting vector was designed to replace the exon covering the initiation codon with a neomycin-resistance gene and then transfected into ES cells by electroporation. G418 and ganciclovir-resistant clones were screened by PCR and confirmed by Southern blotting. Mutant ES cells were introduced into mouse blastocysts, then transferred into pseudopregnant mice to generate chimeras. Chimeras were bred with Balb/c mice to transmit the mutant allele to the germline. Pairs of resultant heterozygous mice were bred to gain homozygous knockout mice, which were backcrossed with Balb/c mice. This study used F10 generation knockout mice, with their wild-type littermates as controls. Mice were housed in the animal facilities of Wakayama Medical University and the animal center of the Faculty of Pharmacy, Meijo University. The care and use of mice and other experimental protocols were conducted in accordance with the guidelines of the Physiological Society of Japan as well as the guidelines on animal experimentation of both Wakayama Medical University and Meijo University. The Animal Ethics Review Committee of both institutions approved the experimental protocol.
Genotype analysis. Genotyping was performed by PCR with mouse tail DNA as the template and a Plexin-A1 gene-specific primer set as previously reported (15) .
RT-PCR analysis for
Plexin-A1 and Neuropilin-1 gene transcripts. RNA was extracted from primary microglia, the BV-2 microglial cell line, or murine hippocampus by the SV Total RNA Isolation System (Promega, Madison, WI, USA). Reverse transcription of RNA was performed with SuperScript III reverse transcriptase and random primers (Life Technologies). All the samples were normalized with β-actin amplification for semiquantification. The following oligonucleotides were used for PCR amplification: Plexin-A1, forward: 5'-GTGTGTGGATAGC CATCA-3' and reverse: 5'-CCAGCCTCTCGAACACT-3'; Neuropilin-1, forward: 5'-GGCCTCCTGCGATTCGTTACTGC T-3' and reverse: 5'-CTTAGCCTTGCGCTTGCTGTCATC-3'; and Sema3A, forward: 5'-ATTGAATTCAACTATGCAAACGG AAAGAA-3' and reverse: 5'-TAAGCGGCCGCGACACTTCTG GGTGCCCGCT-3' . Control primers used were: β-actin, forward: 5'-GGGACGACATGGAGAAGATC-3' and reverse: 5'-AGG TCTTTACGGATGTCAACG-3' . All the primers were annealed at 63˚C, and 35 cycles of amplification were performed.
Western blotting. For western blotting, tissue extracts were prepared by homogenizing murine hippocampal tissue in T-PER Tissue Protein Extraction Reagent (Thermo Scientific Inc., Waltham, MA, USA) containing the protease inhibitor, α-complete (Roche Applied Science, Penzberg, Germany). Fifteen micrograms of each sample were adjusted to give a final solution of 60 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 5% β-mercaptoethanol. The solution was heated at 95˚C for 5 min, electrophoresed through a 10% SDS-polyacrylamide gel, and transferred to polyvinylidine difluoride membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK). Plexin-A1, Neuropilin-1, TLR4, iNOS, p-NF-κB, NF-κB, p-IκB-α, IκB-α, p-ERK1/2, ERK1/2, and β-actin were detected with their respective antibodies using an enhanced chemiluminescence western blot detection system (Amersham Pharmacia Biotech) in accordance with the manufacturer's instructions. Antibodies used were anti-Plexin-A1 antibody ( NO assay and cell viability assay. To investigate the effect of Sema3A on NO production in the BV-2 microglial cell line, the nitrite content was measured with Griess reagent [1% sulfanilamide/0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride in 5% phosphoric acid] according to the manufacturer's instructions. BV-2 microglial cells were plated at 0.3x10 4 cells/well in a 96-well plate and cultured overnight in a CO 2 incubator at 37˚C, combined with control siRNA or Plexin-A1-specific siRNA, and incubated for two additional days. Eighteen hours after stimulation of BV-2 cells with LPS and Sema3A or control IgG, 50 µl of the culture supernatant were mixed with 50 µl of Griess reagent and incubated for 15 min. Absorbance values were measured at 540 nm in a plate reader (Bio-Rad, Gladesville, NSW, Australia), with fresh DMEM as a blank in all the experiments. NO concentration was calculated with reference to the nitrite standard curve. To analyze cell viability of the BV-2 cells subjected to NO assay, 5 µl of MTT (5 mg/ml; Sigma, Tokyo, Japan) were added to the BV-2 cells and incubated at 37˚C for 4 h. After the medium was removed, formazan, a product of the MTT tetrazolium ring that was precipitated by the action of mitochondrial dehydrogenases, was dissolved with 0.1 N HCl in anhydrous isopropanol containing 10% Triton X-100 and quantified spectrophotometrically at 595 nm for measurement of cell viability.
Quantitative RT-PCR for analysis of inflammatory gene transcripts. RNA was isolated from BV-2 microglial cells cultured on a 24-well plate using the SV Total RNA Isolation System (Promega). Quantitative RT-PCR with SYBR-Green (Qiagen, Tokyo, Japan) was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems, Tokyo, Japan). Amplification of Rn18s was performed for sample normalization. For the detection and quantification of Rn18s, TNF-α, IL-1β, and iNOS transcripts, quantitative RT-PCR was performed using QuantiTect Primer Assays following the manufacturer's protocol (Mm_Rn18s_2_SG QT01036875Mm_Tnf_1_SG QT00104006, Mm_Il1b_2_SG QT01048355, and Mm_iNOS_1_SG QT00100275, respectively; Qiagen).
Reagents for cell cultures. LPS (Escherichia coli serotype 055:B5), Griess reagent, and MTT were obtained from Sigma-Aldrich. Recombinant Sema3A, which consists of the extracellular region of Sema3A and the Fc portion of murine IgG2A (Sema3A-Fc) and murine IgG2A, was purchased from R&D Systems (Minneapolis, MN , USA). ERK1/2 inhibitor PD98059 was purchased from Cell Signaling Technology.
Statistical analysis. Data were expressed as the means ± standard error of mean (SEM). Statistical analyses were performed with the Student's t-test or one-way analysis of variance followed by post-hoc analysis. P<0.05 was considered statistically significant.
Results

Plexin-A1 is expressed by BV-2 cells.
In a previous study, we found that murine primary microglia expressed Plexin-A1 (18) . In the present study, the expression of Plexin-A1 in the BV-2 mouse microglial cell line was confirmed by RT-PCR analysis and western blotting (Fig. 1) .
Plexin-A1 is required for iNOS, IL-1β and TNF-α expression in BV-2 cells.
As in primary microglia, LPS stimulation induces an increased expression of inflammatory mediators such as iNOS, IL-1β, and TNF-α in BV-2 cells (20) (21) (22) . Although we previously demonstrated that Plexin-A1 is involved in LPS-induced NO production in primary microglia (unpublished data), the involvement of Plexin-A1 in the expression of other TLR4-induced inflammatory mediators has yet to be adequately examined. In the present study, we examined the role of Plexin-A1 in inflammatory factor production in response to TLR4 activation in BV-2 cells. After BV-2 cells were treated with Plexin-A1-specific siRNA and cultivated for 1 or 2 days, the knockdown efficiency of Plexin-A1 was confirmed using quantitative RT-PCR, and a significant decrease of Plexin-A1 mRNA was observed in the BV-2 cells that were cultured for 2 days after siRNA treatment ( Fig. 2A) . To examine the effect of Plexin-A1 on TLR4 expression, TLR4 expression level was assessed using western blotting in Plexin-A1 knockdown cells; however, no significant change was observed (Fig. 2B) . To examine the role of Plexin-A1 in the LPS-TLR4 signaling pathway in BV-2 cells, the expression levels of iNOS, IL-1β and TNF-α were assessed with quantitative RT-PCR in Plexin-A1 knockdown cells treated with vehicle or LPS. During TLR4 stimulation with LPS, a significantly lower amount of iNOS, IL-1β and TNF-α mRNA was generated in BV-2 cells with Plexin-A1 knockdown than BV-2 cells treated with control non-target (NT) siRNA (Fig. 2C) . These findings showed that Plexin-A1 is required for the TLR4-mediated generation of proinflammatory factors in BV-2 cells. Assessment of LPS-induced iNOS protein expression using western blotting showed a significantly lower level of iNOS protein expression in BV-2 cells with targeted silencing of Plexin-A1 than in control siRNA-treated BV-2 cells (Fig. 3A and B) . Assessment of LPS-induced NO production by the Griess reaction revealed a significant decrease in NO in Plexin-A1-specific siRNAtreated BV-2 cells compared with control siRNA-treated cells (Fig. 3C) . MTT assay showed no significant differences in cell viability among any BV-2 cell treatments (Fig. 3D) .
Plexin-A1 mediates the activation of NF-κB and ERK.
During the microglial response to TLR agonists and microbial pathogens, NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways are known to regulate the production of inflammatory mediators (23) (24) (25) (26) . Since the generation of iNOS, IL-1β, and TNF-α was decreased by Plexin-A1 knockdown (Figs. 2C and 3) , we investigated the role of Plexin-A1 in these signaling pathways in BV-2 microglial cells. In a previous study, we reported that Sema3A-Plexin-A1 signaling increased NO production through crosstalk with the TLR4 pathway in primary microglia (18) . Sema4D-Plexin-B1 signaling also increased NO production through ERK1/2 activation, which is dependent on inflammatory stimulation in primary microglia (17) . Activation of ERK1/2 also plays a crucial role in the induction of iNOS expression in TLR4-stimulated microglia (27) . In neuronal cells, Plexin-A1 is involved in the determination of the direction of axonal extension and the induction of growth cone collapse in an ERK1/2 activation-dependent manner through crosstalk with Plexin-B1 (28-32). Plexin-A1-mediated signaling in microglia may therefore be involved in the production of inflammatory factors through ERK1/2 activation by cooperating with the TLR4 pathway. Accordingly, to examine whether Plexin-A1 is involved in the activation of NF-κB and ERK1/2 in LPS-stimulated microglia, the phosphorylation state of these proteins was assessed in vehicle-or LPS-treated BV-2 cells with either control siRNA or Plexin-A1-specific siRNA. Control NT siRNA-treated BV-2 cells exhibited enhanced phosphorylation of NF-κB, IκB-α, and ERK1/2 after LPS stimulation. In contrast, BV-2 cells with targeted knockdown of Plexin-A1 exhibited a significant decrease in NF-κB and IκB-α phosphorylation compared with cells treated with control siRNA (Fig. 4) . LPS stimulation induced a significant increase of ERK1/2 phosphorylation in control siRNA-treated BV-2 cells, but not in Plexin-A1-specific siRNA-treated BV-2 cells (Fig. 4) . These findings indicate that Plexin-A1 deficiency leads to a significant defect in NF-κB and ERK1/2 activation in TLR4-mediated signaling in BV-2 microglial cells.
Sema3A enhances LPS-induced nitrite production through ERK activation in a Plexin-A1-dependent manner.
Since Plexin-A1 knockdown suppressed the expression of LPS-induced inflammatory mediators, the BV-2 cell itself may produce the Plexin-A1 ligand Sema3A. A possible mechanism may be that the production and/or secretion of Sema3A in BV-2 cells is facilitated by LPS, after which Sema3A binds with Plexin-A1 to activate BV-2 cells in an autocrine manner. To test the possibility, BV-2 cells were treated with LPS and examined for evidence of Sema3A mRNA production and Sema3A protein secretion in the culture medium. Two-hour LPS treatment of BV-2 cells significantly increased Sema3A mRNA levels (Fig. 5A) . Furthermore, 4-h LPS treatment of BV-2 cells induced the appearance of proteolytically processed Sema3A (65 kDa; Fig. 5B ) in the supernatant, as shown in other experimental systems (33) (34) (35) . The data suggest that the production and secretion of Sema3A induced by the TLR4 activation of BV-2 cells may cause Plexin-A1 to function in a signaling loop, thereby enhancing inflammatory signals and cytokine production. The above results suggested that Sema3A-Plexin-A1 signaling is involved in the increase of LPS-induced NO production through ERK1/2 in BV-2 cells (Figs. 3 and 4) . Thus, BV-2 cells transduced with control NT or Plexin-A1 siRNA were treated with Sema3A in the presence (100 ng/ml) or absence of LPS to functionally examine whether Sema3A functions as a ligand for Plexin-A1 in BV-2 cells. The Sema3A ligand was composed of Sema3A fused with the murine IgG2A Fc fragment, and the IgG2A Fc fragment alone was utilized as a negative control. In the presence of LPS, nitrite levels were increased (Fig. 5C) ; in its absence, Sema3A did not induce nitrite production in BV-2 cells. Following the addition of soluble Sema3A (Fig. 5C ), LPS-induced NO production was intensified in BV-2 cells transduced with NT siRNA. By contrast, the addition of the IgG2A Fc control made no effect. Enhancement of LPS responsiveness was not observed in BV-2 cells with Plexin-A1 knockdown (Fig. 5C ). Accordingly it is indicated that Sema3A ligation to Plexin-A1 intensifies NO generation of BV-2 cells only in the presence of LPS, which suggests that in BV-2 cells, both LPS and Sema3A are necessary for the establishment of optimal intracellular signaling to produce inflammatory mediators. To clarify whether the increase in NO production from Sema3A-Plexin-A1 signaling is dependent on the activation of ERK1/2, we examined whether treatment with ERK1/2 inhibitor suppressed the increase in LPS-induced NO production following the addition of Sema3A in BV-2 cells. BV-2 cells treated with LPS, Sema3A, and ERK1/2 inhibitor showed significantly decreased NO production, as compared with BV-2 cells treated with only LPS and Sema3A (Fig. 5C ). These findings indicated that Sema3A-Plexin-A1 signaling was involved in the increased production of NO through ERK1/2 activation in the microglial response to LPS. These in vitro results suggested that Plexin-A1 binding by Sema3A is synergized with LPS engagement of TLR4 on microglia to expand innate inflammatory responses in the brain. 
Discussion
Findings of this study have shown three novel findings concerning the roles of Plexin-A1 expressed in BV2 microglial cells. First, Plexin-A1 enhances the LPS-induced increase in inflammatory mediators in BV-2 cells, suggesting that Plexin-A1 plays a crucial role in the activation process of microglia. Second, the results clarified that Plexin-A1 in BV-2 cells is involved in the activation of NF-κB and MAPK pathway in the LPS response. Third, the results indicate that Sema3A-Plexin-A1 signaling increases LPS-induced NO production through ERK activation in BV-2 cells, thereby demonstrating that part of the intracellular Sema3A-Plexin-A1 signaling pathway operates in the activation of microglia. Results of a previous study (18) have shown that Sema3A-Plexin-A1 signaling increases NO production through crosstalk with TLR4 signaling in primary microglia. However, the mechanisms involved in the intracellular signaling pathway were not identified. Therefore, to the best of our knowledge, this is the first study showing the crucial involvement of Sema3A-Plexin-A1 signaling in the LPS-induced production of inflammatory mediators through NF-κB and ERK activation in microglia.
We confirmed the expression of Plexin-A1 and Neuropilin-1 with RT-PCR and western blotting in BV-2 cells (Fig. 1) . The binding of Sema3A to the receptor complex of Neuropilin-1 and Plexin-A1 on the cell membrane transduces intracellular signaling (36) . Our earlier study has confirmed the involvement of Sema3A-Plexin-A1 signaling in increased LPS-induced NO production in primary microglia (18) . Similar to primary microglia, LPS-stimulated BV-2 cells increase the expression of inflammatory mediators such as iNOS, IL-1β and TNF-α (20) (21) (22) , although previous studies have not directly demonstrated that Plexin-A1 is involved in the induction of inflammatory mediators by the stimulation of TLR4. To investigate the role of Plexin-A1 in BV-2 cells stimulated by LPS, Plexin-A1 was knocked down using Plexin-A1-specific siRNA and the expression level of inflammatory mediators was assessed in microglia with TLR4 activation. As a result, Plexin-A1-specific siRNA-treated BV-2 cells showed a significant decrease in iNOS, IL-1β and TNF-α mRNA expression in LPS-treated cells as compared with control siRNA-treated cells (Fig. 2C) . Quantification of the iNOS protein with western blotting and NO in the culture supernatant using the Griess reaction showed significant decreases of iNOS and NO levels in Plexin-A1-specific siRNA treated-BV-2 cells compared with control siRNA-treated cells (Fig. 3A-C) . Since the assessment of cell viability by MTT assay did not show any significant differences between Plexin-A1-specific siRNA-treated and control NT siRNA-treated BV-2 cells, the significant decrease in NO production may not reflect group-based differences of cell viability. Accordingly Plexin-A1 is required to increase the expression of inflammatory mediators in LPS-stimulated BV-2 cells.
During the microglial response to microbial pathogens and TLR agonists, MAPK and NF-κB signaling pathways are known to regulate the production of inflammatory mediators (23) (24) (25) (26) . The decreased generation of iNOS, IL-1β and TNF-α after targeted silencing of Plexin-A1 led to the investigation of the potential role of Plexin-A1 in these signaling pathways (Figs. 2C, 3A and B) . Previously, we clarified that Sema3A-Plexin-A1 signaling is involved in NO production in primary microglia by crosstalk with TLR4-mediated signaling (18) . Activation of ERK1/2 plays a crucial role in the induction of iNOS expression in TLR4-stimulated microglia (27) . Sema4D-Plexin-B1 signaling increases NO production through ERK1/2 activation dependent on inflammatory stimulation in primary microglia (17) . In neuronal cells, Plexin-A1 is involved in determining the direction of axonal extension and growth cone collapse in an ERK1/2 activation-dependent manner through crosstalk with Plexin-B1 (28) (29) (30) (31) (32) . In microglial cells, therefore, Plexin-A1 signaling may be involved in the production of inflammatory factors through ERK1/2 activation and cooperative action with the TLR4 pathway. To clarify the intracellular signaling molecules located downstream of Plexin-A1 signaling that have crosstalk with the TLR4 pathway in microglial activation, we assessed the activation level of NF-κB, IκB-α and ERK1/2 by western blotting. Phosphorylated NF-κB and IκB-α significantly increased in control siRNA-treated BV-2 cells 1 h after LPS stimulation as compared with Plexin-A1-specific siRNA-treated BV2 cells. These findings suggest that Plexin-A1 is involved in the phosphorylation of NF-κB and IκB-α in the LPS response of BV-2 cells. In Plexin-A1-specific siRNA-treated BV-2 cells, LPS treatment induced a significant increase of phosphorylated NF-κB and IκB-α compared with vehicle-treated cells (Fig. 4) . This result may be explained by the imperfect removal of Plexin-A1 or the significant phosphorylation of NF-κB and IκB-α through a pathway other than that of Plexin-A1 signaling. Sema3A secreted from macrophages enhances the LPS response by acting in an autocrine manner to activate Plexin-A4-mediated signaling (16) . Therefore, the involvement of Plexin-A4 signaling in LPS-dependent activation in microglia may be a useful explanation for the fact that even in cells with targeted silencing of Plexin-A1, phosphorylated NF-κB and IκB-α were significantly increased with LPS treatment compared with vehicle treatment. Since Plexin-A1 signaling may strengthen microglial activation through ERK activation in response to LPS, the level of phosphorylation of ERK was quantified by western blotting. Phosphorylated ERK was found to increase significantly in control siRNA-treated BV-2 cells compared with Plexin-A1-specific siRNA-treated cells. This result suggests that Plexin-A1 may be involved in LPS-induced microglial activation through ERK phosphorylation. Since the phosphorylation of ERK1/2 in LPS treatment of Plexin-A1-specific siRNA-treated BV-2 cells was not found to be significantly greater than in the vehicle-treated BV-2 cells with Plexin-A1 knockdown, phosphorylation of ERK in the LPS response may be dependent on Plexin-A1. In the LPS response of macrophages, Plexin-A4-mediated signaling is involved in c-jun N-terminal kinase phosphorylation (16) , suggesting that plexin receptors may increase the LPS response through differential pathways, depending on various cell types or receptor families. Thus, Plexin-A1 is crucial for the amplification of the LPS response in microglia.
In BV-2 microglial cells, Sema3A was found to be secreted by the cell itself in an autocrine manner, as in macrophages (Fig. 4B) . Whereas injured neurons are suggested to produce Sema3A and Sema3A induces microglial apoptosis (37) , microglia are also suggested to produce Sema3A which appears to increase LPS-induced microglial activation through Plexin-A1-mediated signaling. In control siRNA-treated BV-2 cells, Sema3A generated a significant increase of LPS-induced NO production as compared with control IgG, and this increase was significantly suppressed by pretreatment with ERK inhibitor. By contrast, NO levels did not increase significantly in BV-2 cells with targeted knockdown of Plexin-A1 even after treatment with Sema3A, when compared with the IgG treatment. These results suggest that Sema3A-Plexin-A1 signaling is involved in the increase of LPS-induced NO production in activated microglia through ERK activation. Therefore, both Plexin-A1 and Sema3A are potential targets for the treatment of encephalopathy triggered by LPS and neuroinflammation-related mental disorders.
